The translocation of pro-apoptotic protein Bax from the cytosol to the mitochondria signals the commitment to cell death. Results: Distances between locations in Bax were measured during translocation in live cells. Conclusion: The conformational changes that coincide with the commitment to apoptosis were identified. Significance: This information is crucial for the development of more effective therapeutics that target apoptosis.
Apoptosis is a critical mechanism in mammalian cells for maintaining tissue homeostasis, development, and immunity (1) . A complex network of proteins and signals ensures that cells grow and replicate until a defined time where they are replaced by new cells. Disruption in this mechanism can lead to neurodegenerative, cancerous, or autoimmune diseases, (1) (2) (3) . The Bcl-2 family of proteins is primarily responsible for initiating apoptosis through an intrinsic (mitochondria) pathway, where signals directly sensed by the cells can initiate the cascade of events that lead to a commitment to cell death (3, 4) . This commitment culminates in the permeabilization of the outer mitochondrial membrane (OMM). 2 As a result, factors are released from the mitochondria that trigger downstream signaling for apoptosis including the activation of caspases (1, 5) . Therefore, different steps that lead to the permeabilization of the OMM have been attractive therapeutic targets (6) to either initiate apoptosis in cancerous cells, or inhibit a constitutive activation present in autoimmune or degenerative diseases.
Each member of the Bcl-2 family of proteins can be classified as having pro-or anti-apoptotic activity (7) based on how they influence permeabilization of the OMM. Essential to OMM permeabilization is the activity of the pro-apoptotic member Bax. Bax mostly resides in the cytosol of healthy cells but translocates to the mitochondria where it mediates the permeabilization of the OMM. Interactions between Bax and other antiapoptotic members such as Bcl-2 and Bcl-x L have been shown to prevent OMM permeabilization (8) .
Although these proteins have opposing functions, they are structurally homologous and have four conserved domains (BH). In addition, there is a subclass of pro-apoptotic proteins that only contains one homology domain, BH3, which has been thought to catalyze or disrupt interactions between the proand anti-apoptotic members (1) . Despite knowing these features about the Bcl-2 family, the roles of these domains within a conserved mechanism to commit to apoptosis has yet to be elucidated (9) . Therefore, identifying the conformational changes that Bax undertakes at the onset of the permeabilization of the OMM will go a long way in understanding how the Bcl-2 family regulates apoptosis. However, detecting these changes is not without challenges.
Conformational changes in Bax can only be identified as having regulatory consequences when the measurements are acquired under conditions where it is engaged in interactions with other members of the Bcl-2 family. In fact recent findings showed a dynamic equilibrium between cytosolic and mitochondria-associated Bax in healthy cells (10 -12) . Furthermore, over-expression of the anti-apoptotic protein Bcl-x L was shown to shift this equilibrium toward the cytosolic population (10, 12) . Therefore, this equilibrium is an important checkpoint in the commitment to engage in the permeabilization of the OMM. Valuable insight into the regulation of apoptosis can be obtained from extracting structural information about Bax under these conditions. This requires the acquisition of measurements in live cells before and after the initiation of apoptosis.
We monitor conformational changes in Bax associated with its translocation from the cytosol to the mitochondria resulting from the initiation of apoptosis using staurosporin (STS) in live mouse embryonic fibroblast (MEF) cells. Förster resonance energy transfer (FRET) was utilized to detect conformational changes between two fluorescence probes at different locations on Bax relative to the BH3 domain (helix ␣2). To circumvent the challenges of acquiring FRET measurements in the heterogeneous environment of live cells, a novel method was utilized to systematically correct for the different environmental effects on the fluorescence intensity of the probe when Bax occupies the cytosol or mitochondria (13) , illustrated in Fig. 1 . These corrections made it possible to identify how conformation of the C-terminal helix (␣9) influences the accessibility of the BH3 domain as well as intracellular diffusion of Bax. In addition to recognizing intra-molecular changes in Bax associated with its insertion into the OMM, our measurements also detected inter-molecular contacts between separate Bax molecules isolated to specific helices. These observations not only identified the conformational changes Bax undergoes to commit to permeabilization of the OMM, but also the homo-oligomeric architecture Bax adopts when permeabilization occurs. Our findings have significant implications in evaluating molecular events involving Bax that have been proposed in triggering apoptosis.
EXPERIMENTAL PROCEDURES

Conjugation of FRET Pairs and Internal Reference to Bax
Variants-Bax variants used to determine intra-molecular conformational changes contained two cysteines at specific locations. For one site, the wild-type residue at a particular position was mutated to a cysteine, whereas the native cysteine at residue 126 was changed to a serine. The other site utilized the wild-type cysteine at residue 62 in the BH3 domain. The same methods and protocols to conjugate the donor (Alexa Fluor 546), acceptor (Dabcyl), and internal reference (Alexa Fluor 633) to measure conformational changes between two wildtype cysteines 126 and 62 were employed in this study (13) . To verify that the probes were conjugated at the different sites as well as the successful mutation to a cysteine, pepsin fragments of the reaction product and unreacted forms of these variants were analyzed by LC-MS. Microinjection was utilized to deliver conjugated Bax inside cells as described previously (13) , where co-localization with MitoTracker Green verified translocation of Bax to the mitochondria (13) . Cytochrome c release in cells that were microinjected with conjugated Bax was confirmed (data not shown) to ensure that Bax translocation is followed by the normal apoptotic events.
To determine inter-molecular contacts using FRET, Bax variants containing a single cysteine were created. This was accomplished either by changing one of the wild-type cysteines (Cys 62 or Cys 126 ) in Bax to a serine or by replacing both by serines and additionally modifying a non-cysteine residue to a cysteine. Then the same protocols were used to conjugate FRET probes as described previously (13) . In these experiments the FRET donor would be on one Bax molecule, along with the internal reference, and the FRET acceptor would be on another Bax molecule. To ensure that there would always be a Bax molecule with an acceptor in proximity to a one with the donor in a scenario where they would be in contact, a 5:1 excess of Bax with the acceptor was mixed with Bax with the donor. This mixture was then microinjected into cells at a concentration of 300 nM. Previous estimates of the dilution of the solution resulting from microinjection are 1:10 (14) . Using free dye, the estimated dilution for our settings was 1:5 to 1:10. Because the endogenous levels of Bax have been measured to be 2.7 to 3.7 nM, it is important to note that the resulting solution is still in ϫ10 -20 excess to the endogenous levels (15) . Based on the distribution pattern of the fluorescence intensities before and after the addition of STS, the increased Bax cellular level did not seem to affect the translocation event. More importantly the effect of the relatively low level of endogenous protein to the measured FRET will be negligible.
To place the donor and acceptor at opposite ends of helix ␣6, Arg 145 was replaced by a cysteine and Cys 62 was changed to a serine, whereas cysteine at position 126 places a probe at the other end of this helix. The conjugation reaction to place the donor on these residues was only for 8 h instead of 17 to avoid having a donor on both cysteines. The purification protocols used to isolate the proper reaction product were identical as described before (13) . Pepsin fragments analyzed by LC-MS confirmed the conjugation of the donor and acceptor to these locations.
Preparation of Bax with Intramolecular Cross-link between the C-terminal Helix and Helix ␣4 -Some experiments required the C-terminal helix to be cross-linked to the core of Bax to verify FRET measurements obtained for this helix as well as to assist in analyzing the resulting intra-cellular diffusion. Cross-linking was performed between two lysines engineered into Bax utilizing the reactive N-hydroxysuccinimide ester groups on BS(PEG)5 (ThermoScientific). Although retaining the two cysteine residues that allow us to probe the C-terminal helix conformation, Cys 62 and I175C mutant, Arg 94 was changed to a lysine to cross-link with the wild-type Lys 189 . To avoid cross-linking to the adjacent lysine, Lys 190 was changed to an arginine. To cross-link R94K to Lys 189 , this mutant was incubated at pH 7.0 in 0.1 M phosphate buffer and 6 mM Tris(2carboxyethyl)phosphine for 3 h at room temperature in the presence of 15 mM BS(PEG)5. The reaction was stopped by buffer exchanging the reaction mixture into 20 mM Tris buffer, pH 8.0, using PD-10 columns (GE Healthcare). Reacted and unreacted forms of Bax were separated by a MonoQ column equilibrated with 20 mM Tris buffer, pH 8.0, using a 0 -1 M NaCl gradient. To remove species that have been inter-molecularly cross-linked, the fractions that contained cross-linked Bax were eluted through a G-75 size-exclusion column and fractions that corresponded to monomeric Bax were pooled together to undergo conjugation with the FRET probes and internal reference. The following fragments from pepsin digestion verified cross-linking between R94K and Lys 189 : fragments with residues 91-99 with 189 -192 (1516 Image Analysis and FRET Determination-The scheme to extract FRET efficiencies from the heterogeneous environment of a live cell is presented in Fig. 1 . The fluorescent signals from Bax (FЈ) conjugated with the FRET donor (Alexa Fluor 546) and the internal reference (Alexa Fluor 633) are measured in the cytosolic region of cells before and after the translocation of Bax. The systematic change in the fluorescent signal of the FRET donor (Alexa Fluor 546) that arises due to the migration from the diffuse cytosolic region to the membrane environment of the mitochondria is determined. Fluorescent signals in the region of the nucleus of cells were not included in the determination of FRET efficiencies. The fluorescent signals from another Bax molecule, F Q Ј, which contains the same FRET donor and internal reference in addition to the non-fluorescent FRET acceptor are also measured in the cytosolic regions of cells during translocation. FRET between the donor and acceptor is detected if there is a decrease in the donor fluorescence relative to the internal reference as detected in the sample, FЈ, under the same conditions. The image analysis and subsequent treatment to extract FRET efficiencies were performed according to an earlier study (13) .
Additional image analysis to allow rapid identification of possible FRET efficiencies was to use scatter plots to show correlations between the FRET donor and internal reference in the presence and absence of acceptor. After stacking images corresponding to the fluorescent signal of the donor and internal reference were prepared according to our previous work (13), a region of interest between 700 and 2300 pixels was selected in the cytosolic region of the cell. Then, two new images were created comprised of this region of interest for each channel. The "smoothing" function part of the program ImageJ was applied and the intensities were extracted from the XY coordinates of the image for each channel (16) . The intensity of the donor versus internal reference at each coordinate was plotted and a correlation for each channel was observed. The scatter plots of samples with (F Q Ј) and without (FЈ) the FRET acceptor were compared. The slope of this correlative trend would indicate the presence or absence of FRET. If the F Q Ј sample gives a lower correlation slope relative to the FЈ sample, this indicates FRET. However, if these two samples have a correlation slope that is indistinguishable, no FRET is present. To quantify the FRET efficiency, a larger number of pixels representative over many cells were averaged using methods as described earlier (13) . Typically our quantitative data sample was over 80,000 pixels. The standard deviation of the FRET efficiency was calculated by propagating errors in FЈ and F Q Ј values measured from multiple cells (13) .
FCS Measurements in Live Cells-Fluorescence correlation spectroscopy (FCS) was employed to analyze the intracellular diffusion of variants of Bax in the cytosolic regions of cells.
These measurements were performed on a home-built system as described earlier (17) . Rhodamine 6G and eGFP were utilized to calibrate and verify the instrument setup. Each time series acquisition was between 30 and 60 s. The number of curves acquired from a number of cells that comprises the final correlation curve in a figure is annotated. Igor software was used to fit these curves to one or two component three-dimensional diffusion model as described in earlier studies (18) . The reported values and standard deviation of these fitted parameters is an average over the number of curves that comprise the final curve.
RESULTS
Justification for the Use of FRET between Alexa Fluor 546 and Dabcyl to Measure Distances in Two Different Intracellular
Environments-The photochemical properties of the FRET pair of Alexa Fluor 546 and Dabcyl give rise to an R 0 of 29 Å, which makes it ideally suited to detect intra-molecular conformational changes in Bax. Because the environment could affect the properties of these probes, R 0 can also be affected. Therefore, in measuring changes in conformations that accompanies changes in environment, any effects on R 0 , if any, that occur during translocation needed to be determined. This was done by attaching probes across a region of Bax at a distance roughly equal to R 0 that was known to retain its structure in a solution or membrane environment. If there were any changes to R 0 , the measured FRET efficiency would be different under both conditions even if the probes were the same distance apart.
Previous investigations into the pore-forming activity of Bax showed that peptides that consisted of helices ␣5 and ␣6 retain their helicity and pore-forming activity (19, 20) in a membrane environment. Therefore the FRET donor and acceptor were placed at positions Cys 126 and Arg 145 , which spans helix ␣6 ( Fig.  2A ). The distance between the C ␣ carbons for these residues is 26 Å in the Bax structure (21) . Fig. 2B shows that at 20 mM Tris, pH 8, FRET is detected between these two probes evidenced by the relative decrease in the fluorescence intensity at 570 nm from the donor Alexa Fluor 546, in the sample that contains the acceptor, F Q Ј, relative to the sample without it, FЈ. Both spectra were normalized to the fluorescent signal from the internal reference, Alexa Fluor 633, at 650 nm. The observed FRET efficiency of 0.50 corresponds to a distance of 29 Å, which is consistent with the distance between these two residues. However, Fig. 2C shows identical fluorescence spectra of F Q Ј and FЈ, which indicates an absence of FRET, when 8 M guanidine HCl was added to the buffer. Under this denaturing condition, there is no structure in Bax. Therefore, this FRET pair is a good reporter for an intact structure of helix ␣6. Any observed changes to the FRET efficiency between probes at these locations during translocation would reflect environmental changes to the R 0 of this pair and must be taken into account when interpreting a conformational change. Fig. 2 , D and E, show MEF cells microinjected with FЈ and F Q Ј for this mutant, respectively. Each of these cells shows a diffuse distribution in the cytosolic region of Bax. Although there is a fluorescent signal around the nuclear region of these cells, this signal is not included in the determination of FRET efficiency during translocation. Interestingly, FRET efficiencies determined within this region are the same as the cytosolic values as long as the proper FЈ value (in this nuclear region) is compared with its corresponding F Q Ј value. Fig. 2F shows a scatter plot of per-pixel intensities from the FRET donor and the fluorescent internal reference for the FЈ and F Q Ј samples. A correlative trend can be seen in each of the plots of samples with and without the FRET acceptor. However, there is a lower correlation slope in the plot that contains the acceptor, which indicates the presence of FRET. The measured FRET efficiency detected at opposite ends of helix ␣6 before translocation (preSTS) is 0.49 Ϯ 0.17, utilizing values of 0.41 Ϯ 0.07 (8 cells) and 0.21 Ϯ 0.06 (8 cells) for FЈ and F Q Ј, respectively. This value is close to 0.50 efficiency, determined from measurements in a 20 mM Tris, pH 8.0, buffer. Fig. 2I . In addition, there is also a lower slope to this trend for the plot that contains the acceptor, indicating the presence of FRET. After the translocation of Bax has occurred, the measured FRET efficiency is 0.50 Ϯ 0.12, utilizing values of 0.80 Ϯ 0.07 (8 cells) and 0.40 Ϯ 0.06 (8 cells) for FЈ and F Q Ј, respectively, which is close to the efficiency determined before translocation.
The similar values of FRET efficiency measured before and after translocation, normalized to our internal reference, show that the R 0 value for this FRET pair is relatively unaffected by the change in environment in the cell. Therefore, distances can be extracted readily from FRET efficiencies before and after translocation without environmental correction.
Intra-molecular Conformational Changes That Accompany Translocation-The locations in Bax that were chosen to monitor intra-molecular conformational changes relative to the BH3 domain are shown in Fig. 3A . The FRET probes were conjugated site specifically to mutants of Bax as described under "Experimental Procedures." Fig. 3B shows the locations of these sites on the structure of Bax (21) . According to distances obtained from this structure, FRET efficiency between probes at these sites relative to the BH3 domain should be detected. Any subsequent conformational changes would yield an increase or decrease in FRET efficiency. To simplify our data interpretation and considering the contribution from experimental noise, measured FRET efficiencies are characterized into distance segments shown as bins in Fig. 3C . The measured FRET efficiencies before and after translocation are shown in Table 1 . An increase in the distance (or decrease in FRET efficiency) between helices ␣2-␣1, ␣2-␣5, and ␣2-␣7 was observed. There is an observed increase in FRET efficiency between helices ␣2 and ␣3. Interestingly, we could not observe FRET A, various residues that were modified to cysteine, where intra-molecular conformations were measured relative to Cys 62 within the BH3 domain are shown in a linear fashion relative to helices in Bax. B, these mutations are represented on the NMR solution structure of Bax (PDB code 1F16). The helices are color coded in A and B similarly. C, the measured FRET efficiencies before and after translocation are categorized into four separate bins. They are displayed on the relationship curve between FRET efficiency and distance for the FRET pair Alexa Fluor 546 and Dabcyl. Efficiencies greater than 60% will be indicated as green color, those between 30 and 60% in red, those between 10 and 30% in black, and those less than 10% in blue.
between helices ␣2 and the C-terminal helix ␣9 (I175C) before and after translocation, even though a FRET efficiency of 0.70 was detected when Bax was incubated in a 20 mM Tris buffer, pH 8.0.
There is the possibility that the mutations and subsequent labeling of the Ile 175 residue in the C-terminal helix affect the activity and cellular diffusion of Bax in live MEF cells. If this is true, then the observed FRET may not be representative of WT behavior. Image analysis of the translocation of this mutant compared with wild-type showed that this mutant exhibits the same transition from a diffuse to punctate distribution that accompanies translocation ( Fig. 4) , which also correlates with the observed FRET measurements. The FRET and morphological observations were confirmed by another mutant located on the same helix, T186C. In addition, the intracellular diffusion of these mutants was also compared with that of wild-type.
FCS was utilized to analyze the diffusive behavior of mutant and WT Bax in the cell. Fig. 5A shows FCS curves of eGFP, WT Bax, and I175C as well as T186C mutants of Bax. The measured diffusion constant for eGFP is 17 Ϯ 3.7 m 2 /s. This is comparable with other values determined for HeLa (17), 22.5 Ϯ 0.78 m 2 /s; COS-7 (22), 12.5 Ϯ 1.3 m 2 /s; and MEF (23), 17.5 Ϯ 1.3 m 2 /s, cells. The FCS curves for WT and mutant forms of Bax exhibit similar diffusive behavior before translocation. This demonstrates that the mutations and subsequent labeling of a FRET probe do not affect the intracellular diffusion relative to wild-type Bax in cells. Interestingly, these curves are different from FCS curves for eGFP. They could only be fit utilizing a two-component model. The diffusion constant of one component is similar to eGFP. For WT Bax and the I175C and T186C mutants, these constants are 10 Ϯ 2.1, 10 Ϯ 2.1, and 6 Ϯ 2.2 m 2 /s, with a fractional population of 0.81 Ϯ 0.05, 0.73 Ϯ 0.08, and 0.78 Ϯ 0.10, respectively. The other component is approximately 2 orders of magnitude slower. For WT Bax and the I175C and T186C mutants, these constants are 0.07 Ϯ 0.026, 0.15 Ϯ 0.078, and 0.05 Ϯ 0.049 m 2 /s, with a fractional population of 0.19 Ϯ 0.05, 0.27 Ϯ 0.08, and 0.22 Ϯ 0.10, respectively. This longer diffusive component is consistent with diffusion in organelles including membranes (18) . Therefore, this shows that there is a population of Bax that resides in a membrane environment even before permeabilization of the OMM begins.
Previous studies have proposed that Bax can act as a catalyzer for insertion into the outer mitochondrial membrane (24) . To determine whether endogenous Bax plays a role in affecting the relative population of this longer diffusive component, the intracellular diffusion of Bax in HCT116-WT and HCT116-Bax/Bak-DKO cells was measured using FCS. In both cell lines, Bax exhibited a two-component behavior as observed in the MEF cells. The fast diffusion component had the same order of magnitude as eGFP in the WT and DKO cell lines, 10 Ϯ 10 and 25 Ϯ 16 m 2 /s, respectively, with fractional populations of 0.84 Ϯ 0.08 and 0.80 Ϯ 0.08. The diffusion constants for eGFP in WT and DKO cells were 51 Ϯ 22 and 47 Ϯ 19 m 2 /s, respectively. In addition, there was a long phase component 2 orders of magnitude slower in WT and DKO cells, 0.03 Ϯ 0.064 and 0.01 Ϯ 0.014 m 2 /s, respectively, with fractional populations of 0.16 Ϯ 0.08 and 0.20 Ϯ 0.08. The similar intracellular diffusion of Bax in these cell lines demonstrates that it does not catalyze its transient contact with the mitochondria before translocation occurs.
Because it has been previously shown that the C-terminal helix is responsible for inserting into the OMM (25), we hypothesize that exposure of the C-terminal helix, as detected by our FRET measurements, is correlated with the slow diffusive behavior responsible for this longer diffusion component in the FCS curves of Bax. To test this, the C-terminal helix of Bax was cross-linked to the core of the protein. FCS was employed to analyze the intracellular diffusion rate of this form of Bax. FRET measurements at sites on the C terminus were also acquired to correlate the observed intracellular diffusion with conformations of this helix. Fig. 5B shows the location of the cross-linked residues, Lys 189 and R94K. The effect of this cross-link on the diffusion of Bax before translocation monitored by FCS is shown in Fig. 5C . The eGFP FCS curve from Fig. 5A is reproduced in this panel. Bax with the mutations necessary for the cross-linking but with the reaction not performed diffuses similarly to the wild-type. Whereas the same variant of Bax but cross-linked diffuses more like eGFP by reducing the population of the slow diffusing component from 0.34 to 0.16. This can be interpreted as a decrease in the amount of time that Bax interacts with a membrane. A FRET efficiency of 0.38 Ϯ 0.08, utilizing values of 1.82 Ϯ 0.13 (6 cells) and 1.14 Ϯ 0.13 (11 cells) for FЈ and F Q Ј, respectively, is measured between I175C on the C-terminal helix and Cys 62 on the BH3 domain, which was not present without cross-linking the C-terminal helix. This demonstrates that an exposed C-terminal helix is responsible for the population of Bax that interacts with a membrane environment before translocation. The effect of this cross-link after the addition of STS is shown in Fig.  5D . The autocorrelation curve of the mutant variant of Bax that does not have a cross-link shows a diffusive behavior of a protein associated with a large organelle, consistent with wild-type behavior. However, the same variant protein that is crosslinked diffuses similarly as a protein in the cytosol. It has been previously shown that Bax molecules were not observed to translocate with a truncated C terminus (25) . This further supports that the exposure of the C-terminal helix not only in the membrane but also in the cytosol is necessary for the biological activity of Bax.
Because the observation of this longer diffusive component shows that Bax is ready to insert into the OMM, we tested whether the BH3 mimetic ABT-737 can affect the structure or intracellular diffusion of Bax to more efficiently undergo trans- NF NF a Errors in FRET efficiency reported in this paper reflect the S.D. in the fluorescent intensity ratios. b No FRET efficiency was detected between this position and Cys 62 (␣2). c FRET efficiencies reported in Ref. 13. location. Although an increase in the incidence of translocation was observed when 10 M ABT-737 was added in tandem with 3.6 M STS (86 Ϯ 14% cells in which Bax was translocated in 75 min, in two independent experiments, 43 cells total) compared with only STS (41 Ϯ 9% cells in which Bax was translocated in 75 min, in two experiments, 43 cells total), the FRET efficiency between Cys 126 and Cys 62 was the same with ABT-737, 0.42 Ϯ 0.28, or without it, 0.45 Ϯ 0.14, added along side with STS. No cells showed Bax translocation within this time in the presence of only ABT-737. In addition, the relative population of the fast component of the FCS curves remains similar in the presence of ABT-737, 86 Ϯ 14% (4 curves; 3 cells), or its absence, 81 Ϯ 5% (8 curves; 3 cells). Therefore, we hypothesize that ABT-737 increases the instance of translocation of Bax through interactions at the OMM possibly with other partners. This is consistent with previous observations that ABT-737 binds to the BH3 domain of Bcl-xL (26) thus possibly exposing its C terminus, which is responsible for keeping Bax out of the mitochondria before translocation occurs (12) .
When Bax commits to translocation, the FRET efficiencies measured to helices ␣1, ␣5, ␣7, and ␣9 relative to the BH3 domain correspond to distances greater than 40 Å according to Table 1 and Fig. 3C . This indicates that Bax is adopting a more extended structure. However, the FRET efficiency to helix ␣3 increased. Two scenarios can account for this observation: (i) Bax adopts a conformation that brings helix ␣3 closer to the BH3 domain or (ii) another Bax molecule that contains the acceptor is close enough to helix ␣3 that allows inter-molecular FRET to also occur.
Inter-molecular Contacts Formed as a Result of Translocation-To determine whether the increase in the intra-molecular FRET in helix ␣3 could have an inter-molecular contri- The inset shows an MEF cell microinjected with Bax and has a diffuse distribution. B, scatter plots from labeled wild-type Bax that has undergone translocation. Unlike the scatter plots in A, the similar correlative slopes of the samples with and without the acceptor, F Q Ј (red dots, 1203 pixels, r ϭ 0.76) and FЈ (black dots, 1380, r ϭ 0.69), respectively, indicate a loss of FRET efficiency between Cys 126 and Cys 62 . The inset shows the same MEF cell in A that has undergone translocation, where microinjected Bax now has a punctate distribution. C, scatter plot analysis of the C126S/I175C mutant of Bax before translocation. The similar correlative slopes of the samples with and without the acceptor, F Q Ј (red dots, 2293 pixels, r ϭ 0.87) and FЈ (black dots, 2062 pixels, r ϭ 0.93), respectively, show that there is no FRET between the probes on the BH3 domain and helix ␣9. Although this efficiency corresponds to this helix being exposed to the solvent and thus has the ability to associate with a membrane environment, it still maintains a diffuse distribution in the cytosol seen in the inset as compared with the wild-type distribution in A. D, scatter plot analysis of the C126S/I175C mutant of Bax after translocation. The scatter plots of samples with and without the acceptor, F Q Ј (red dots, 921 pixels, r ϭ 0.86) and FЈ (black dots, 2248 pixels, r ϭ 0.91), respectively, have the same correlation slope, which shows that there is no FRET between the probes on the BH3 domain and helix ␣9 when inserted into the OMM. As seen in the inset, the distribution of this mutant of Bax is now punctate, similar to the distribution of wild-type Bax seen in B. All scale bars are 10 m. NOVEMBER 21, 2014 • VOLUME 289 • NUMBER 47 bution, the F Q Ј sample was used to microinject into MEF cells comprised of two distinct species of Bax. One species of Bax contained the donor conjugated on helix ␣3 and the internal reference and the other species only contained the acceptor conjugated at the BH3 domain on Cys 62 . Fig. 6 shows scatter plot analysis similar to Figs. 2 and 4 between these two sites. The lower correlation slope of the F Q Ј sample indicates intermolecular FRET between the donor and acceptor. Inter-molecular FRET efficiency was detected between these two sites to be 0.44 Ϯ 0.12. Therefore, the observed FRET efficiency for this site has an inter-molecular as well as an intra-molecular component. When the inter-molecular contribution is subtracted from the total FRET efficiency observed for this site, 0.67 Ϯ 0.07, the resulting efficiency, 0.23, yields a decrease in the intramolecular FRET efficiency from 0.43. This indicates that helix ␣3 moves away from the BH3 domain as a result of translocation. Inter-molecular FRET efficiencies were also acquired between sites on helices on different Bax molecules and are summarized in Table 2 . As a negative control scatter plot analysis for Bax mutants used to probe intermolecular contacts, listed in Table 2 , before translocation are shown in Fig. 6 , A, C, and E. No FRET between different Bax molecules was detected before translocation occurred.
How Bax Rearranges to Commit to Apoptosis
DISCUSSION
Before the Commitment to OMM Permeabilization-A representation of the conformational changes before and after translocation observed from the FRET measurements listed in Table 1 and classified using the bins in Fig. 3C is shown in Fig.  7A . For helices ␣1, ␣3, ␣5, and ␣7, the measured FRET efficiencies before translocation correspond to distances consistent with the NMR structure of Bax (21) . Therefore, the arrangement of the helices in Fig. 7A is similar to this structure. However, the efficiency measured to helix ␣9 corresponds to a distance that is greater than 45 Å, which suggests that the C-terminal helix is exposed to the cellular environment. According to the published structure, this helix is tucked into the core of the protein. It is important to note that due to our experimental error, a 15% or less population of the protein with the C-terminal helix packed against the core would not be , the C␣ atoms of the residues used to cross-link helices ␣9 to ␣4 using BS(PEG)5 are shown as yellow spheres. Arg 94 was mutated to a lysine to utilize N-hydroxysuccinimide ester groups to carry out the cross-linking. C, FCS curves of eGFP (black, 8 curves over 3 cells), cross-linked R94K mutant Bax, BS5 (blue, 15 curves, 5 cells), and R94K mutant Bax with no cross-linking, NC (red, 15 curves over 5 cells) before translocation. D, FCS curves of cross-linked Bax, BS5, before (blue) and after (green, 9 curves over 3 cells) STS was added, as well as, non-cross-linked Bax, NC, before (red) and after (magenta, 9 curves over 3 cells) STS was added. The FCS curve of WT Bax after the addition of STS is also shown (black, 9 curves over 3 cells).
detected. In Fig. 7B , the measured FRET efficiencies after translocation for helices ␣1, ␣5, ␣7, and ␣9 decrease to less than 15%. This shows that Bax adopts extended conformation(s) when it commits to the permeabilization of the OMM. Only one site on helix ␣3 shows an increase in FRET efficiency to greater than 60%.
The exposure of the C-terminal helix as well as its intracellular diffusion measured by FCS are consistent with the model that Bax is in a dynamic equilibrium between the cytosol (10 -12) and the mitochondria. This exposure allows Bax to be poised to insert into the mitochondria and this helix has been shown previously to be responsible for membrane insertion (25) . The FCS curves show that there is a population of Bax that transiently interacts with an organelle, before translocation. This population goes away when helix ␣9 is cross-linked to helix ␣4.
Bax adopting conformations in which the C-terminal helix is exposed in the cytosol is indicative of a more complex environment of the cell than a dilute buffer. We also did not observe FIGURE 6 . Intermolecular FRET between helices after translocation. Scatter plot analysis of the intensities of the donor and acceptor on individual pixels in the absence (FЈ, black dots) and presence (F Q Ј, green dots) of another protein co-injected into cells that contains only the acceptor. A, no FRET is detected between helix ␣3 at position 78 on one Bax molecule and helix ␣2 at position 62 on another molecule before translocation as evidenced by the same correlation slope when protein with the acceptor is co-injected (FЈ, black dots, 1239 pixels, r ϭ 0.86; F Q Ј, green dots, 2168 pixels, r ϭ 0.75). B, after translocation, FRET is detected between the two sites in A evidenced by the lower correlation slope of the sample that contains the FRET acceptor (FЈ, black dots, 1049 pixels, r ϭ 0.87; F Q Ј, green dots, 1720 pixels, r ϭ 0.87). C, there is no contact between helix ␣5 on separate molecules before translocation evidenced by similar correlation slopes in the presence and absence of the acceptor, which also indicates no FRET (FЈ, black dots, 1053 pixels, r ϭ 0.89; F Q Ј, green dots, 1405 pixels, r ϭ 0.75). D, no contact between the sites in C are observed after translocation evidenced by the same correlation slope between the samples with and without the FRET acceptor (FЈ, black dots, 1405 pixels, r ϭ 0.84; F Q Ј, green dots, 1668 pixels, r ϭ 0.87). E, no intermolecular contact between helix ␣9 on separate Bax molecules is observed before translocation evidenced by the same correlation slope between samples with and without the FRET acceptor (FЈ, black dots, 1367 pixels, r ϭ 0.90; F Q Ј, green dots, 887 pixels, r ϭ 0.79). F, intermolecular contacts are observed between the sites in E evidenced by the lower correlation slope of the sample with the FRET acceptor (FЈ, black dots, 1487 pixels, r ϭ 0.78; F Q Ј, green dots, 825 pixels r ϭ 0.91). How Bax Rearranges to Commit to Apoptosis NOVEMBER 21, 2014 • VOLUME 289 • NUMBER 47
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inter-molecular FRET efficiencies between Bax molecules in the cytosol. It is still unclear from this study what is responsible for establishing this conformation. It is very unlikely that the observed cytosolic conformation can be present without any other factors interacting with Bax to promote and stabilize the opening of the C-terminal helix. Although this hypothesis might be contradictory to a previous study (27) that showed that no additional factors are necessary for Bax to interact with a lipid membrane, interestingly a pull-down assay did identify a heat shock protein to be isolated with Bax (28) . It is well established that heat shock proteins are crucial in destabilizing substrate proteins for unfolding prior to recognition by membrane acceptor or transporter. Perhaps the heat shock protein can play a role in destabilizing the C-terminal helix of Bax for targeting the mitochondria membrane. Although the helix ␣9 is exposed for Bax to enter the mitochondria, the total population does not insert. One explanation for this is that Bcl-x L is interacting with Bax and retrotranslocating it back into the cytosol as part of the dynamic equilibrium between the cytosol and mitochondria (10, 12) . Previous studies determined that the rate of retrotranslocation is on the order of 100 s. The slow phase detected in this study is on the order of 0.1 s. Therefore, within the time scale of our FCS measurements, the rate of translocation does not affect the measured correlation time of the slower phase. Most likely, we are observing both the major cytosolic and minor mitochondria populations of Bax within our FCS measurement whose relative population could be tuned by its interaction with Bcl-x L . Previous work has shown that interactions with Bcl-x L and the BH3 domain of Bax may be responsible for this distribution (8, 29) . Indeed, exposure of the C-terminal helix increases the potential access to this domain. In fact, a model of a complex between Bcl-x L and Bax trapped in a membrane environment has been proposed in which Bcl-x L makes contacts with the BH3 domain of Bax (30) with its C-terminal helix exposed. Our results suggest that this interaction might occur even earlier, prior to membrane insertion. Contacts Involved in Permeabilizing the OMM That Continue the Onset of Apoptosis-When a cell finally commits to apoptosis and Bax has undergone translocation to the OMM, the characteristic structural change that Bax undergoes is to adopt an extended conformation. This allows Bax to form intermolecular interactions and the possibility to interact with other proteins and factors as apoptotic pores are formed in the OMM. This is the first study to acquire distance information to specific helices in full-length Bax inside live cells during this process.
In this extended conformation, inter-molecular contacts were observed between separate Bax molecules. One site of interaction was at their C-terminal helices as shown in Fig. 7C . The interaction may be critical to the commitment to OMM permeabilization, because whereas our FCS data indicated that it could interact with a membrane environment, inter-molecular contact between C-terminal helices was only detected after translocation has occurred. Another site where inter-molecular contacts were detected was at the BH3 domains of separate Bax molecules. This interaction also signals a commitment to OMM permeabilization. Until translocation is triggered, this domain is sequestered by the other helices in Bax. However, in A, FRET efficiencies of Bax determined before translocation, taken from Table 1 and colored according to the bins as described in the legend to Fig. 3C , are illustrated on a proposed model of Bax where the C-terminal helix ␣9 is exposed. Of the five efficiencies, four correspond to distances that are consistent with the NMR solution structure of Bax. B, FRET efficiencies determined after translocation, taken from Table 1 . C, two sites of inter-molecular contact are shown between the BH3 domains of separate Bax molecules as well as between C-terminal helices. The absence of FRET between helices ␣5 and ␣6 implies that an oligomeric rather than a dimer architecture is a reasonable model to satisfy these contacts.
the OMM, in the extended conformation, it forms contacts with another Bax molecule. Although previous studies that utilize isolated mitochondrial complexes (31) or liposomes (32) propose an interaction between the BH3 domains, our study directly identifies this dimerization interface in live cells as the permeabilization of the OMM is occurring. Although our confirmation of the presence of this interaction as the content of mitochondrial membranes are changing and additional factors influence its morphology is important, we went further and determined additional distances to the other helices relative to this domain so that we can build a physiological model of Bax embedded in the OMM.
A schematic for the arrangement of inter-molecular contacts between different Bax molecules after translocation is shown in Fig. 7C . One assumption that is made is that helices are intact although embedded in the OMM. This is reasonable because it has been shown previously that helices ␣5, ␣6, and ␣9 retain their helical character in model membranes (20, 33) . In addition, these helices were shown to be embedded in the OMM (34) , and is depicted in Fig. 7C . Although there remains critical information to be gathered to render an accurate structure, including how these helices are packed in the membrane environment and their relative orientation, inferences about their arrangement can be made from the intra-and inter-molecular FRET efficiencies that were measured. The efficiency between the Arg 78 and Cys 62 sites on different Bax molecules places helices ␣2 and ␣3 in proximity. The anti-parallel nature of these helices is assumed due to the lower efficiency between BH3 helices at position Cys 62 , 0.20 Ϯ 0.20, as well as the lack of detection of efficiency between Arg 78 residues. The C-terminal helices on different Bax molecules are placed in proximity due to the observed efficiency on two sites on this helix. A FRET efficiency of 0.41 Ϯ 0.20 was observed between the Ile 175 sites on two Bax molecules. Similarly, an efficiency of 0.54 Ϯ 0.20 was observed between the Thr 186 sites. In Fig. 7C , we propose that these helices are arranged in a parallel orientation due to the lower efficiency detected between positions Ile 175 and Thr 186 , 0.08 Ϯ 0.20. The absence of FRET between the Cys 126 and Arg 145 sites on different Bax molecules makes it reasonable to assume that more than two Bax molecules must be responsible for contacts at the C terminus and BH3 domain. The absence of FRET means that the helices that contain these sites cannot be less than 50 Å from each other. Realistically, there are not enough helices within a Bax molecule to wrap around this void to contact both the C terminus and BH3 domain, especially if helices ␣5 and ␣6 retain their helicity. The extended configuration formulated from these FRET efficiencies also allows for other proteins and factors to interact with Bax to commit cells to undergo apoptosis.
Another phenomenon that has been observed with the translocation of Bax is oligomerization in the OMM as apoptotic pores are formed (35) . Although the number of Bax molecules per pore was not determined, Fig. 7C presents the two distinct sites of inter-molecular contact to form homo-oligomers. An alternative site for oligomerization has been proposed that is different from the one presented here (31) . It is at helix ␣6 on separate Bax molecules. However, in this present study, no inter-molecular FRET was detected at the two ends of this helix.
Because the FRET efficiencies presented here were acquired in the cellular environment, the schematic presented in Fig. 7C would be more representative of the physiological condition, which can include many components. These may include other Bcl-2 proteins (35) or lipids (9) . The extended structure of Bax in this oligomeric state does not preclude this possibility.
Using a novel technique to extract distance information in live cells allowed us to determine key structural elements in Bax that affect the regulation of the permeabilization of the OMM. We were able to distinguish three different populations of Bax: cytosolic, membrane-associated, and membrane-embedded. The observation of an exposed C-terminal helix based on our FRET measurements, possibly due to a cytosolic factor, allows for the interactions of Bax with the mitochondria membrane. These two populations that correspond to cytosolic and membrane-associated Bax were detected by FCS. Although associated with the mitochondria it can interact with Bcl-x L through their C-terminal helices (12) to retrotranslocate back into the cytosol. When apoptosis was triggered with STS, the mitochondria-associated Bax is activated through "hit-and-run" interactions with its BH3 domain and tBid or BIM to undergo conformational changes to commit to insertion in the OMM (36) . A consequence of this activation is exposing helices ␣5 and ␣6 from the BH3 to embed in the OMM, which was observed by a loss of FRET efficiency between these two sites. Bax has "switched" from a compact structure to an extended one. This conformational "switch" is not reversible. This membrane embedded population is stabilized by forming inter-molecular interactions between its BH3 domains and C-terminal helices, which were also detected using FRET. These contacts form an oligomeric architecture that can permeabilize the OMM or where potentially other Bcl-2 proteins can associate with Bax to enhance this process. Identifying where other proteins interact with Bax will uncover more details of the regulatory mechanism of the Bcl-2 family of proteins.
